Abstract The multiplicity of fragments in Fermi energy heavy-ion collisions was experimentally extracted. Compared with the results of calculation using the antisymmetrized molecular dynamics (AMD) model which accounts for the primary fragments only, the results calculated using the AMD together with a statistical decay code GEMINI to account for the deexcitation of excited primary fragments are in better agreement with those extracted from the experiment. This observation indicates that the experimental multiplicity distribution may be significantly different from those of primary fragments.
Introduction
During the last decade, there have been great activities in exploring the equation of state (EOS) and the properties of isospin asymmetric nuclear matter, particularly the isospin-dependent term of EOS, i.e., the density dependence of the nuclear symmetry energy E sym (ρ) [1] . E sym (ρ) is very important for understanding many interesting questions not only in nuclear physics itself, such as the dynamics of heavy-ion collision, the properties of hot nuclei and the structure of exotic nuclei, but also in astrophysics, such as the evolution of massive stars, the supernova explosions and the properties of neutron stars resulting from supernova collapse. However, theoretical predictions on EOS differ very markedly, particularly the E sym (ρ) at supernormal densities remains poorly understood [2] .
Intermediate energy heavy ion collisions provide an important tool to probe the EOS. Under laboratory controlled conditions, by detecting the fragments of a multifragmentation reaction, one can extract important information about the nuclei, such as the temperature (T ), the density (ρ), and the symmetry energy (E sym ), etc. Combined with theoretical studies, they can provide insight onto EOS [3] . However the experimentally observed fragments are in the final ground state and may be significantly different from those at the time of their formation. As the first step we focus on the decay characteristics of these fragments. In this paper, the fragments emission from multifragmentation process is studied for the 64 Ni+ 64 Ni reaction at 40 AMeV.
Experiment
The experiment was performed at the K-500 superconducting cyclotron facility at Texas A&M University (TAMU), using 64 Ni projectiles on 64 Ni target at 40 AMeV. The detection system for the intermediate mass fragments (IMFs) was a detector telescope placed at 20
• , the telescope consisted of four Si detectors and one CsI(Tl) crystal. Each Si detector had an active area of 5×5 cm, and the nominal thicknesses were 129 µm, 300 µm, 1000 µm, and 1000 µm. The silicon pairs were followed by a 3000 µm thick CsI(Tl) crystal read out by a phototube. All Si detectors were segmented into four sections and each quadrant had a 5
• opening angle in polar and azimuthal angles. Therefore, the energies of the fragments were measured at two angles, θ = 17.5
• ± 2.5
• and θ = 22.5
• . Light-charged particles (LCPs), such as p, d, t, 3 He and α, were detected by the detector array consisted of 16 single-crystal CsI(Tl) detectors, each is 3 cm in thickness and they were set around the target. A schematic drawing of the setup is shown in Fig. 1 . The light output from each detector was read by a photomultiplier tube. For the CsI detector the pulse shape discrimination method was used to identify LCPs. The energy calibration for these particles was performed using Si detectors (50∼300 µm ) in front of the CsI detectors in separate runs [4, 5] . 
Data analysis
For IMFs, high quality isotopic identification of typically 6∼8 isotopes was achieved with high statistics for isotopes with Z between 3 and 18 and with the energy threshold of 4∼10 AMeV, using ∆E-E technique for any two consecutive detectors. Mass identification of the isotopes was made using a rang-energy table. In the method, the isotopes are labeled by a parameter of Z Real , in which Z Real = Z is assigned for A = 2Z, and other isotopes are identified by interpolation between them. Typical Z Real spectra are shown in Fig. 2 . The energy spectrum of each isotope was extracted by gating the isotope in a two-dimensional plot of Z Real versus energy. In order to extract parameters of the emitting sources such as the apparent temperatures, velocities and Coulomb barriers, a moving source technique has been used to evaluate the yield of each isotope. For LCPs, three sources [projectile-like fragment (PLF), nucleon-nucleon-like (NN), and target-like fragment (TLF)] were used. The parameters are searched globally for all 16 angles. For IMFs, the energy distributions were parameterized using a single NN source because the energy spectra were measured only at two angles of the quadrant detector. The formulas for the moving source fitting are given by [6, 7] NN:
for a volume emission and TLF, PLF:
for a surface emission. Here N is the number of observed particles, T is the source temperature and E C is the Coulomb barriers. Transformation of the spectra to the laboratory system is made using
where
Here E S is the particle energy, moving with the source velocity.
The overall normalization factors were fixed from a global fit. Fig. 3 provides examples of the results of global moving source fits for protons, and other fragments were fitted in the same way.
The parameters of the PLF were insensitive in the observed angular range, so the contribution of PLF is not included in this moving source fit.
Comparisons with model calculations
Fragments are generally in an excited state at the time of their formation, and then deexcited by statistical decay processes, and the experimentally detected fragments are normally in the final ground-state. To evaluate the effect of the sequential decay process on the experimentally extracted multiplicity, an antisymmetrized molecular dynamics (AMD) code
[8∼10] was use to model the dynamics in early stages of the reaction, and the results were treated with the statistical decay code GEMINI [11] to model the secondary decay processes. It has been shown that these codes reproduce many observables of experimental results very well in Fermi energy heavy-ion reactions [10,12∼16] . 
Conclusions
For heavy ion collisions in the Fermi energy domain, the multiplicities of particles were evaluated experimentally as a function of A of the fragment. Comparison of the experimental results with those of dynamical model simulations shows that the results of the final groundstate fragments are well reproduced by the AMD + GEMINI calculations, and the experimental values are much smaller than those extracted from the primary fragments observed in the AMD calculations, especially for A > 6. The primary fragments showed a rather flat distribution as a function of A. This difference indicates that the experimental multiplicity distribution is significantly modified by the secondary decay process.
